As recently pointed out in Ref. [Phys. Rev. D 96, 8, 083502 (2017)] the evolution of the linear matter perturbations in nonadiabatic dynamical dark energy models is almost indistinguishable (quasi-degenerated) to the standard ΛCDM scenario. In this work we extend this analysis to CMB observables in particular the integrated Sachs-Wolfe effect and its cross-correlation with large scale structure. We find that this feature persists for such CMB related observable reinforcing that new probes and analysis are necessary to reveal the nonadiabatic features in the dark energy sector.
I. INTRODUCTION
The modern view of the cosmological evolution is based on the use of general relativity (GR) as the standard gravitational theory equipped with baryonic matter, neutrinos and photons as well as additional nonstandard components named dark matter and dark energy. Concerning the role played by such constituents of the universe energy budget on the cosmological evolution there is another standard assumption related to their thermodynamical nature. They are assumed to be adiabatic fluids with well established equations of state. Cold dark matter and baryons are assumed to be pressureless (p B = p DM = 0), due to the relativistic nature of photons p γ = ρ γ /3 (where ρ γ is the energy density of photons), neutrinos suffer a transition from the relativistic regime to the non-relativistic one and dark energy is characterized by a negative equation of state parameter w DE = p DE /ρ DE . Being the latter fact necessary to account for the accelerated background expansion rate experienced on late times.
It is worth noting that this overall picture is also consistent when the structure formation process is analysed. However, in cosmological perturbation theory there exists another degree of freedom related to the possible nonadiabatic nature of the cosmic components. The possible nonadiabatic features manifest either as a intrinsic property of each fluid (intrinsic entropy perturbations) or due to the multi-fluid nature of the system (also known as relative entropy perturbations). Standard cosmological scenario does not take into account any of such effects.
It has been found recently in Ref. [1] that nonadiabatic dark energy models are almost indistinguishable from the standard ΛCDM cosmology concerning the f σ 8 observable leading to an interesting degeneracy in the dark energy research context. Our focus in this work is to expand the analysis of Ref. [1] by studying whether or not such * velten@pq.cnpq.br (corresponding author) feature persists if other probes are considered. In particular we study the evolution of the gravitational potential which is related to the so called integrated Sachs-Wolfe effect (ISW) and its cross correlation with matter clustering.
The dark energy models adopted in this work are presented in the next sections II A and II B. Each model has its specific equation of state parameter leading to the corresponding adiabatic speed of sound. In section II C we establish the first order equations of motion taking into account scalar perturbations only. Working in the Newtonian gauge the perturbations are characterized by the potentials Ψ and Φ, but in case of vanishing anisotropic stresses sourced by the energy-momentum tensor they coincide i,e., Ψ = Φ. We adopt it in this work. The time evolution of the Newtonian potentials is related to a secondary source of temperature anisotropies in the Cosmic Microwave Background (CMB) called integrated SachsWolfe (ISW) effect. Here, since we are focus on the dynamics of dark energy models we investigate the late time ISW effect [? ] . During the matter dominated epoch the clustering of matter within the potential wells is exactly counterbalanced by the background expansion leading to a constant Φ behavior. The ISW effect acts on large scales (low-l multipoles in the CMB power spectrum) and is difficult to be independently detected due to its tiny contribution (around one order of magnitude smaller) to the averaged temperature fluctuations. Since it is caused by the evolution of potential wells in an expanding universe one possible strategy is to cross-correlate the CMB map with galaxy distribution maps from large scale structure (LSS) data. This procedure gives rise to the so called temperature-galaxy cross-spectrum (the C T g l spectrum). See for example Ref.
[2].
We study in detail the ISW effect for adiabatic and nonadiabatic dark energy cosmologies. One of the perspectives we adopt here follows the analysis employed by Ref. [3] in which the relative amplification of the ISW effect of a dark energy model is computed in comparison to the standard ΛCDM model. This analysis is performed in Section II D. The cross-correlation spectrum for nona-diabatic dark energy models and the comparison with the adiabatic cases is studied in section III. We conclude in the final section IV.
II. DYNAMICS OF DARK ENERGY MODELS

A. Background expansion
Concerning the background evolution we are interested in the late time effects which are mostly caused by dark energy. At this stage the effects due to the radiation fluid are negligible. Indeed, the late time ISW effect is intrinsic to the dark energy phenomena.
By adopting a flat Friedmann-Lemaitre-RobertsonWalker (FLRW) metric the expansion rate reads
where H =ȧ/a, a is the scale factor and the symbol " . " means derivative with respect to the cosmic time. For the reference ΛCDM model adopted in this work we fix the parameters Ω m0 = 8πGρ m0 /3H Table I ). For other dynamical dark energy models the expansion rate (1) There are some relevant parameterizations for w DE . In this work (as done in Ref. [1] ), we will explore the following cases:
• The constant EoS parameter (wCDM)
• The Chevallier-Polarski-Linder model (CPL) [4, 5] 
• The Wetterich-logarithmic model (WL) [6] w DE (a) = w 0
C. Scalar perturbations of dark energy models
Following refs. [3, [7] [8] [9] , the line element including scalar perturbations up to first order is written according to
where the scalar metric perturbations are represented by the functions A, B, ψ and E. By adopting the Newtonian (or longitudinal) gauge, i.e., E = B = 0, the metric perturbations are written in terms of the so called Newtonian potentials Φ and Ψ:
The strategy we adopt here is to assume the entire cosmic energy budget (Cold Dark matter + Dark energy) as a single effective total fluid with density ρ and pressure p. With this choice, the components of the energy momentum tensor of such one-fluid description reads
Since we neglect the anisotropic stresses (Π α β = 0) both Newtonian scalar potentials coincide Φ = Ψ. With this condition one can compute the components of the Einstein's equation. They read
where we have defined the fluid velocity potential as δu i ≡ ∂ i v, where u i is the fluid four-velocity. Other necessary equations to determine the perturbative sector are obtained from the covariant conservation of the energy momentum tensor
as well as the momentum conservation
In order to assess astrophysical scales of interest we work in the Fourier space in which ∇ 2 → −k 2 . From the above equations the total density contrast ∆ = δρ/ρ can be written in terms of Φ such that
The total equation of state parameter of the cosmic medium is defined as w(a) = Ω i (a)w i (a). In practice, since we are considering a pressureless matter component p M = 0 we obtain
Then, it is convenient to use the sound speed definition c 2 s ≡ δp/δρ, and to combine the above equations in order to write down the following result for the definition Θ = (c
The evolution of ∆ in terms of the velocity potential becomes∆
and the dynamical equation for the velocity potential v readṡ
According to [9] intrinsic entropic perturbations in the dark energy fluid can be introduced via the definition
In multi-fluid systems, as the one we are dealing here, it is also possible to define the relative entropic perturbations. For the system consisting of pressureless matter and dynamical dark energy this quantity becomes
By decomposing the total pressure perturbation as δp = δp nad + c 2 a δρ, the above relations allows us to write the intrinsic part of the nonadiabatic pressure perturbation as
The intrinsic adiabatic speed of sound of the total fluid is therefore written as
where the symbol prime " " means derivative with respect to the scale factor. Also, for the separated dark energy components its intrinsic dark energy adiabatic speed of sound reads
Combining the above equations we are able now to produce a set of equations for the gravitational potential, the intrinsic entropic perturbation Γ and the relative entropic perturbation S. These equations will be used for assessing the impact of nonadiabatic dark energy perturbation on the ISW effect. The full perturbative dynamics is then achieved after solving the following coupled equations for Φ, S and Γ,
In Eq. (26) we have defined the gauge-invariant comoving curvature perturbation
In the absence of nonadiabatic perturbations S = Γ = 0 the right hand side of Eq. (24) vanishes and the standard equation for the adiabatic cosmology is recovered.
D. Evolution of the gravitational potential
Now we promote a comparison between the adiabatic (AD) and the non-adiabatic (NAD) models. We call adiabatic dark energy model the potential Φ obtained solving Eq. (24) with vanishing right hand side i.e., Γ = S = 0. For the NAD model we solve the coupled set of Eqs. (24) - (26) . In this case the potential Φ is sourced by the functions S and Γ. It is worth noting that the k 4 scale dependence present in Eqs. (24) - (26) represents a new feature introduced by the nonadiabatic effects which should be relevant for sub-horizon modes.
The ISW effect contribution to the CMB temperature fluctuation can be calculated via the integration of the time variation of the gravitational potential along of the photon trajectory from the decoupling time (a d ) to the present time (a 0 ). For each wavenumber k, this contribution reads
(28) In the above equation we have neglected the photon optical opacity.
When solving equations Eqs. (24) - (26) the same adiabatic initial conditions are used i.e., Γ(a d ) = S(a d ) = 0. Even for the nonadiabatic models this should be the case. Indeed, we study the evolution of late time nonadiabatic features.
We define the fractional excess Q of the ISW effect produced by the (adiabatic or nonadiabatic) dark energy models with respect to the standard ΛCDM model according to
Although the existence of cosmic variance in the CMB data, a viable cosmological model can not yield to a large amplification of the ISW effects. For example, this aspect has ruled out unified bulk viscous cosmologies [10, 11] . For our first analysis we are going to set a specific scale of interest k = 0.0005hM pc −1 which is linear and large enough to suffer the main ISW contribution.
For the dark energy models presented in section II B we calculate their relative magnitude of the ISW effect in comparison to the ΛCDM model. Positive (negative) values of Q implies that the model under investigation produces more (less) ISW effect than the standard cosmology. This procedure has been introduced in Ref. [3] . In Fig. 1 we present the results for the wCDM model. In this case, the free parameters are Ω m0 and w = w 0 . We calculate the Q-values in this free parameters space. For the upper (lower) panel the contours are obtained for the adiabatic (nonadiabatic) dark energy model. In Figs. 1, 2 and 3 the constant Q lines obey the following notation:
• Q = 0: Solid line;
• |Q| = 10%: Dashed line;
• |Q| = 20%: Dashed-dotted line;
• |Q| = 40%: Dotted line.
The blue contours are the 1σ and 2σ contours of confidence level obtained through a joint statistical analysis using the data from SNe Ia (JLA) [12] , H 0 [13] , Cosmic Chronometers [14] [15] [16] and BAO [17] [18] [19] . The statistical analysis was performed using the numerical codes CLASS [20] and MontePython [21] . The results of this statistical analysis are shown in Table I . It is worth noting that in the top panel of Fig. 1 , the case of adiabatic dark energy perturbations, the allowed parameters at 2σ (light-blue region) can lead to a ∼ 40% difference in the ISW effect. The bottom panel of this figure, the nonadiabatic dark energy perturbations, the 2σ region is within the 10% departure of the ISW effect in comparison with the ΛCDM model.
The result for the CPL parameterization is shown in Fig. 2 . The same color scheme used in Fig. 1 is used. For the Wetterich-logarithmic model results are presented in Fig. 3 .
Figs. 1, 2 and 3 share similar results, from which we can conclude that the nonadiabatic dark energy models have their predictions concerning the magnitude of the ISW effect much closer to the ΛCDM model. This result confirms the findings of Ref. [1] .
III. CONFRONTING SCALAR PERTURBATIONS WITH CMB-LSS CROSS CORRELATION DATA (THE ISW EFFECT)
In this section we promote a more robust analysis about the impact of nonadiabatic dark energy cosmologies on the late time ISW effect. We calculate the crosscorrelation of CMB with LSS data. In order to perform such analysis it is worth noting that we have to assess the matter growth δ m rather than the total single fluid density contrast. In order to correctly calculate the matter growth we obtain an equation for the evolution of matter density perturbation δ m as a function of Φ. By adapting Eqs. (17) and (18) for pressureless matter i.e., w → w m = 0 (and making ∆ → δ m ) we find
Therefore, as done in the last section, we can numerically solve Eqs. (24), (25) and (26) In order to compute the cross-correlation between CMB and LSS we also need to describe the evolution of the observed galaxy contrast δ g on the line of sight. This quantity depends on the survey design and is obtained from
where in the above equation we have used as the dynam- ical variable the comoving distance
The integration in Eq. (31) [? ] catalogues. The NVSS covers the entire north sky of −40 deg declination in one band. The resulting catalogue of discrete sources has about one million objects. More details can be found in Ref. [27] . The WISE survey scans the entire sky in four frequency bands. It reachs up to z ∼ 1, but with an average redshift z = 0.3. The data used in this work has been taken from the analysis recently performed in Ref. [28] . The galaxy distribution of the NVSS catalogue is given by the function
where the it has been fixed the parameters b ef f = 1.98, z = 0.79 and α = 1.18 [2] . The WISE galaxy distribution [dN/dz] W ISE has been obtained numerically [29] . Following Ref. [28] we adopt a constant bias [b(z)] W ISE = 1.41. We will limit our analysis to constant bias models since the use of timedependent b(z) bias does not change our main conclusion. Now, in order to compute the ISW effect signal from the matter growth we make use of the Poisson equation (in the quasi-static approximation) in the first equality of Eq. 28. Thus, with such changes described above, the ISW signal reads
where we new function χ m (a) is defined according to
By cross correlating the galaxy distribution overdensity with the ISW signal we combine (34) and (31) . Thus, the multipole coefficients for the cross-spectrum are calculated with the expression
a 2 H(a)
In the above result the weight functions have been defined as
In expression (36) the power spectrum P (k) = |δ m (k)| 2 is introduced. We can calculate it via the standard result P (k) = P 0 k ns T 2 (k). The shape of the power spectrum is set by the transfer function T (k). We contribution to P (k) from the primordial inflationary spectrum is encoded in the spectral index n s . We adopt a HarrisonZeldovich approximation n s = 1. For the transfer function we use the BBKS fit [30] , which is accurate enough to the data,
In the above formula h = H 0 /(100 km/s-Mpc) and we have set the present radiation density as Ω R0 = 4.15 × 10 −5 h −2 in order to compute the equality between matter and radiation. The procedure described above has been performed in details in Ref. [32] .
The resulting cross-correlation spectrum for the dark energy models studied here are shown in Figs. 4 -8 . In both figures the top panels correspond to the use of the NVSS data while the bottom panels to the WISE data. In Fig. 4 we study the wCDM model. Quintessence dark energy with w 0 = −0.8 is plotted in the blue lines and the phantomic case w 0 = −1.2 in the red lines. Indeed, as seen in Table I these values are not preferred by current available data. The cross-spectrum data is not able to constrain w 0 with such precision but a qualitative inspection of the curves in Fig. 4 shows that the solid blue and solid red lines clearly departures from the ΛCDM model. The main aspect which we want to stress out in this work is how close the nonadiabatic models (dashed) are to the standard cosmology.
The degeneracy between nonadiabatic dark energy models and the ΛCDM model persists in these cases.
Although the C T g l data is not accurate enough mainly due to the cosmic variance at low multipoles the ΛCDM as calculated here provides a consistent (statistically) fit to the data. There are however claims in the literature about a possible inconsistent matching between the observable ISW effect and the predictions of the ΛCDM model [33] . Also, recent investigation points out to a tension between the expected ISW of a ΛCDM universe and the signal obtained from cosmological simulations [34] .
IV. CONCLUSIONS
In this work we have analyzed dark energy models by taking into account the possible nonadiabatic effects such that the intrinsic and relative entropy perturbations. Ob- viously such effects do not manifest at the background level but are relevant for the perturbations. We have focused on scalar perturbations and the impact of the nonadiabaticity of dark energy models on the gravitational potential evolution and the CMB-galaxy cross-spectrum. Both analysis are related to the integrated Sachs-Wolf effect. Our findings can be interpreted in the same way as in Ref. [1] , i.e., while adiabatic dark energy models differs substantially from the standard ΛCDM cosmology if the equation of state parameter departures from the constant value w DE = p DE /ρ DE = −1, there seems to exist a sort of quasi-degeneracy between nonadiabatic dark energy models and the ΛCDM model.
Since this apparent degeneracy is completely characterized at first order in liner perturbations the future investigations should focus on whether it persists at second order or within the nonlinear regime of perturbations. 
